In the hippocampus, fast excitatory synaptic transmission of principal projection neurons is mediated by non-NMDA glutamate receptors, whereas NMDA glutamate receptors serve a slower modulatory role. We used the whole-cell patch-clamp technique in adult hippocampal slices to assess the role of NMDA receptors in synaptic excitation of a recently discovered excitatory projection neuron, the CA1 radiatum giant cell (RGC). Glutamatergic synaptic activation, even after blocking non-NMDA receptors, fired an NMDA receptor-dependent burst of action potentials in RGCs. In contrast, the contribution of NMDA receptors to synaptic activation of pyramidal cells (PCs) was minimal. Stimulation of the same synaptic inputs evoked greater than threefold larger EPSCs in RGCs than in PCs. Isolated NMDA receptor-mediated EPSCs were significantly less sensitive to blockade by extracellular Mg 2ϩ and had slower decay kinetics in RGCs than in PCs. Thus, unique properties of synaptic NMDA receptors underlie enhanced synaptic excitability in a newly discovered excitatory hippocampal projection neuron.
Neurons in the hippocampus are traditionally subdivided into two main classes, namely, principal (or projection) neurons and interneurons (or local circuit neurons). In the hippocampus proper (Ammon's horn), the principal neurons are the excitatory pyramidal cells (PCs), whose somata are located in a well defined cellular layer (stratum pyramidale). In addition to ramifying locally, their axons project out of the hippocampus to other cortical and subcortical structures. By contrast, the interneurons form a heterogeneous group of nonpyramidal cells, which are mostly inhibitory in function. They are widely dispersed in all hippocampal layers, but their axonal ramifications are generally contained within distinct hippocampal regions (Ramon y Cajal, 1968; Freund and Buzsaki, 1996) .
Recently, a specific type of nonpyramidal hippocampal neuron, the radiatum giant cell (RGC), hitherto considered an interneuron (Amaral and Woodward, 1977; Lang and Frotscher, 1990; Maccaferri and McBain, 1996) , was found to project out of the hippocampus to the olfactory cortex. Furthermore, this neuron was found to resemble PCs, rather than other interneurons, in several distinctive morphological and functional features. First, it has spiny dendrites and a myelinated axon. Second, its axon collaterals in stratum oriens form asymmetric (presumably excitatory) synapses (Gulyas et al., 1998) . Third, it manifests a prominent spike afterdepolarization (ADP) and displays spike frequency accommodation (Maccaferri and McBain, 1996) . Finally, it expresses monosynaptic long-term potentiation (LTP), unlike other interneurons, which undergo long-term depression when activated at high frequency (Maccaferri and McBain, 1996) . Thus, RGCs most likely represent a novel type of excitatory hippocampal projection neuron (Gulyas et al., 1998) .
To characterize the contribution of RGCs to signal transmission through the hippocampus, we have now investigated their synaptic recruitment by afferent fibers. In hippocampal CA1 PCs, EPSPs consist of a fast and a slow component, mediated by AMPA and NMDA receptors, respectively. In normal conditions, NMDA receptors contribute minimally to the EPSP (Andreasen et al., 1989) , because of their effective blockade by Mg 2ϩ ions at resting membrane potential (Mayer et al., 1984; Nowak et al., 1984) . Thus, synaptic excitation of the PCs is mediated primarily by AMPA receptors, whereas NMDA receptors are thought to play a modulatory role, e.g., induction of LTP (Bliss and Collingridge, 1993 ). Here we report that NMDA receptors in RGCs have unique properties that allow their recruitment already at resting membrane potential. Consequently, NMDA receptors make a major contribution to synaptic excitation of these neurons, not previously seen in other types of hippocampal neurons (Collingridge et al., 1983; Hestrin et al., 1990; Sah et al., 1990; Keller et al., 1991; Perouansky and Yaari, 1993) .
MATERIALS AND METHODS
Slice preparation. E xperiments were performed on thin hippocampal slices obtained from adult (Ͼ150 gm) Sabra rats. Methods for preparation of thin slices were similar to those described previously (Edwards et al., 1989; K irson and Yaari, 1996) . Briefly, rats were anesthetized with isoflurane (3-4%) and decapitated with a guillotine. The brain was removed and immediately immersed in ice-cold oxygenated (95% O 2 , 5% CO 2 ) dissection saline. The caudal two-thirds of one hemisphere (containing one hippocampus) were glued to the stage of a vibratome (C ampden Instruments). Transverse slices, 250 m thick, were cut from the region of the hemisphere containing the anterior hippocampus. The hippocampal portion was dissected out of each slice and transferred to an incubation chamber containing the oxygenated incubation saline at 34°C. In some experiments the CA3 region was cut from the slice under a dissecting microscope. After an incubation period of 1 hr, slices were transferred, one at a time, to a recording chamber where they were continuously perf used (2.5 ml /min) with oxygenated experimental saline at room temperature (21-24°C).
Solutions and drugs. The dissection saline consisted of (in mM): NaC l, 125; KC l, 2.5; NaHC O 3 , 26.7; H EPES, 13; NaH 2 PO 4 , 1.25; glucose, 12.5; CaCl 2 , 0.5; and MgSO 4 , 4, pH 7.3. The incubation saline was identical except for NaHC O 3 , 22.5 mM. The standard experimental saline consisted of (in mM): NaC l, 125; KC l, 2.5; NaHC O 3 , 26.7; C aC l 2 , 2.5; MgC l 2 , 1; H EPES, 13; and glucose, 12.5. The pH was 7.3, and osmolarity was 300 mOsm. In Mg 2ϩ -free saline, MgC l 2 was omitted. All salines also contained glycine (5 M) to saturate the glycine binding sites in NMDA receptors. For current-clamp experiments the intracellular (pipette) solution consisted of (in mM): K-gluconate, 120; EGTA, 1; H EPES, 10; MgCl 2 , 2; NaCl, 4; and CaCl 2 , 1. For voltage-clamp experiments the pipette solution consisted of (in mM): CsF, 110; tetraethylammonium, 20; 1,2-bis(o-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid, 10; HEPES, 10; MgCl 2 , 2; and NaCl, 4. In both cases the pH was 7.3, and osmolarity was 300 mOsm. Biocytin (0.5%) was added routinely to the pipette solution.
In some experiments, bicuculline, D,L-2-amino-5-phosphono-valeric acid (APV), and /or 6-cyano-7-nitro-quinoxaline-2,3-dione (C NQX) were applied via the bath. Chemicals and drugs were purchased from Sigma (Rehovot, Israel) with the exception of C NQX (Research Biochemicals, Natick, M A).
W hole-cell recordings. C ells in the CA1 field were visualized at 400ϫ magnification with Dodt-Gradient-Contrast optics (L uigs & Neumann, Ratingen, Germany) using a Z eiss (Thornwood, N Y) Axioskop microscope and an infrared video camera (Hamamatsu, Hamamatsu C ity, Japan). The PC s were identified by their position in stratum pyramidale, the pyramidal shape of their somata, and their prominent apical dendrite. The RGC s were identified by their location in stratum radiatum, the unusually large dimensions of their somata and the one to two prominent dendrites directed toward the stratum lacunosum -moleculare. All cells were also filled with biocytin for post hoc identification.
Recording pipettes were pulled from borosilicate glass on a vertical puller (List Medical) and coated with SYLGARD resin (Dow Corning, Midland, M I). Pipette resistances varied between 1.5 and 4 M⍀ when filled with intracellular solution. In voltage-clamp experiments, after establishing the whole-cell recording configuration, series resistance was compensated for by setting the series resistance compensation control of the amplifier (Axopatch 200A; Axon Instruments, Foster C ity, CA) to 75-95%. E xperiments in which the series resistance exceeded 20 M⍀ were discarded. Synaptic responses were obtained by applying 40 sec voltage pulses (1-70 V) through a bipolar stimulation electrode. The electrode was positioned in the stratum radiatum ϳ200 m from the cell toward CA3 to activate afferent fibers to CA1 neurons (Schaffer collaterals and commissural axons; Traub and Miles, 1991) .
Synaptic I-V curves were determined as follows. C ells were held at Ϫ60 mV and sequentially stepped to holding potentials between Ϫ90 and ϩ 30 mV. The cells were held at each potential for 30 sec before recording synaptic currents to allow for inactivation of voltage-activated currents. Synaptic currents were evoked at 10 sec intervals. Five consecutive responses to synaptic stimulation were averaged at each holding potential. The I-V relations were constructed by plotting the amplitude of the average synaptic current response versus holding potential.
Cell staining. For conclusive cell identification, recordings were made with biocytin-containing pipettes. Biocytin entered the cells by passive diff usion. In a given slice only one putative PC and /or RGC were stained. After the experiment the slices were fixed overnight in 4% paraformaldehyde and incubated with avidin -biotin complex (Vectastain ABC Elite kit; Vector Laboratories, Burlingame, CA). The stained cells were photographed at 200ϫ magnification. Drawings of RGC morphology were obtained by manual retracing of scanned photographs of the cells.
Data anal ysis. Recordings were filtered on-line at 5 kHz, digitized at a sampling rate of 10 kHz, and analyzed off-line using a Pentium personal computer and software from Axon Instruments. Active and passive intrinsic properties were measured as described previously (Jensen et al., 1996) . Briefly, spike threshold was defined as the membrane potential at which the slope of the voltage trace increased abruptly during membrane charging induced by positive current pulses. Spike amplitude was measured as the voltage difference between the peak of the action potential and resting membrane potential (V m ). Spike half-width was calculated as spike duration at 50% of the spike amplitude. Passive membrane properties were measured by injecting small (0.1-0.5 nA) negative current pulses 400 msec long into the cell. The input resistance was calculated by plotting the steady-state voltages versus current amplitudes and measuring the slope of a linear regression of the plot. The membrane time constant was measured by fitting a single exponential f unction to the slow phase of the charging curve produced by application of the smallest negative current pulse. Analyses of evoked EPSC s were performed on averages of 5-10 consecutive traces. The rise times of EPSC s were measured as the time from 10 to 90% of the peak current. The decay phase of the EPSC s was fitted with the sum of two exponential f unctions:
where y is the current amplitude at a given time (t), A is the peak current amplitude, is the decay time constant, and the subscripts f and s denote fast and slow components, respectively. The empirical relations between NMDA receptor-mediated EPSC s (NMDA EPSC s) and membrane voltage (I-V relations) were fitted with a modification of the theoretical f unction describing the voltage dependence of NMDA receptor-mediated currents (Perouansky and Yaari, 1993) :
where I represents the peak amplitude of the EPSC at a given membrane potential ( V), g max is the maximal conductance, V r is the reversal potential of the EPSC, [Mg 2ϩ ] is the extracellular Mg 2ϩ concentration, and a, b, and c are constant parameters. The modification of the f unction is based on the assumption that the logarithm of K d for Mg 2ϩ binding is related to membrane potential by a second-order linear f unction (Kuner and Schoepfer, 1996; K irson et al., 1999) . That is:
To asses the relative position of the Mg 2ϩ binding site within the transmembrane electric field, the voltage dependence of Mg 2ϩ block of NMDA receptors was quantified by replacing this empirical secondorder linear f unction with the Woodhull equation (Woodhull, 1973) :
where ␦ is the fraction of the electric field experienced by a Mg 2ϩ ion, z is valence, V is membrane potential, K d(0 mV) is the affinity of the NMDA receptor to Mg 2ϩ at 0 mV, and R, T, and F have their usual meanings. Data are presented as mean Ϯ SE. Significant differences between groups of samples were tested with Student's t test, Mann -Whitney U test, or Wilcoxon paired test. A significance level of ␣ ϭ 0.05 was used in all tests. Fitting procedures used the Marquardt-Levenberg algorithm to seek parameter values that minimize the sum of the squared differences between the observed and predicted values of the dependent variables.
RESULTS

Morphological characterization of RGCs
Whole-cell patch-clamp recordings and biocytin stainings were obtained from a total of 72 neurons, of which 30 were identified as PCs and 39 as RGCs. Three neurons in stratum radiatum appeared multipolar after staining and were discarded from the present study. They were probably multipolar inhibitory interneurons (Freund and Buzsaki, 1996) .
Some of the morphological differences between PCs and RGCs are portrayed in Figure 1 . As seen in the photomicrograph of a typical PC (Fig. 1 A) , the soma of the neuron is located in the stratum pyramidale. Its thick apical dendrite reaches into the stratum radiatum and lets off several secondary and tertiary thin dendritic processes, whereas its basilar dendrites branch extensively in the stratum oriens. In contrast, the photomicrograph of a typical RGC (Fig. 1 B) shows that its large, triangular cell body is located in the stratum radiatum. Its two apical dendrites ascend toward the stratum lacunosum-moleculare and arborize extensively. The axon of the RGC arises vertically, traversing the stratum pyramidale and bifurcating in the stratum oriens into two main branches, which extend in opposite directions toward the subiculum and the fimbria (Fig. 1C) .
As recently described (Gulyas et al., 1998) , the RGCs varied in their dendritic morphologies The three most prevalent subtypes, which were present in similar proportions, are shown in Figure  1C . The first type had two thick and symmetrical apical dendrites, which branched off directly from the soma at a wide angle between each other (Fig. 1C, a) . The second type had one main apical dendrite and a secondary shorter dendrite, which branched off directly from the soma in parallel to the main dendrite (Fig. 1C,  b) . The third type was morphologically similar to a PC, having one apical dendrite, which bifurcated distal to the soma (Fig. 1C, c) .
Intrinsic properties of RGCs versus PCs
We used current-clamp recordings to measure the resting membrane potential, input resistance, and time constant, as well as the threshold, amplitude, and half-width of the action potential in both cell types in standard saline. No significant differences were found between PCs (n ϭ 8) and RGCs (n ϭ 7) in these passive and active membrane properties (Table 1) . Likewise, both PCs and RGCs fired a single action potential in response to a brief (5 msec) depolarizing current pulse. In both cases the spike repolarized incompletely and was followed by an active (i.e., redepolarizing) ADP (Fig. 2 A,B, a) . In response to long (1600 msec) depolarizing current pulses, both cells fired repetitively at a decrementing frequency (Fig. 2 A, B, b) .
Enhanced synaptic excitation of RGCs
We compared the responses of six PCs versus six RGCs to afferent fiber stimulation in normal saline. Representative responses to different stimulus intensities (varied between 3 and 70 V) are shown in Figure 3 . For a given stimulus intensity, the responses of the RGC (Fig. 3B) were always larger than those of the PC (Fig. 3A) . Whereas the PC fired maximally one spike (Fig. 3A, d, e) , the RGC generated up to three action potentials (Fig. 3B, d, e) . In the latter case, the spikes rode on a protracted EPSP lasting Ͼ1 sec (Fig. 3B, e) . Similar responses were obtained in all other PCs and RGCs examined. Thus, in standard saline, the maximal number of spikes evoked synaptically ranged between 1 and 4 in RGCs and between 1 and 2 in PCs and was significantly 
PCs (n ϭ 8)
Input resistance (M⍀) 8 6 Ϯ 11 100 Ϯ 24 Time constant (msec) 50 Ϯ 3 3 9 Ϯ 6 Membrane potential (mV) higher in RGCs than in PCs (2.3 Ϯ 0.4 vs 1.6 Ϯ 0.25, respectively).
Effects of disinhibition
Because afferent fiber stimulation also activates feedforward and feedback inhibition in CA1 (Freund and Buzsaki, 1996) , the differential synaptic responses of PCs versus RGCs may be attributable to differences in conjointly activated inhibitory synaptic inputs. Therefore, we compared the synaptic responses of these neurons also after bath application of the GABA A receptor antagonist bicuculline (10 M). Representative results in a PC and an RGC are shown in Figure 4 , A and B. In the PC, adding bicuculline to the saline prolonged the EPSPs but did not augment the number of spikes evoked (Fig. 4 A, compare a, b) . By contrast, bicuculline enhanced the evoked burst responses in RGCs (Fig. 4 B, compare panels a, b) .
The averaged results from six PCs and six RGCs are shown in Figure 4 , C and D. Each graph depicts the number of evoked spikes as a function of stimulus intensity (input-output relation). In standard saline, the RGCs generated more spikes than the PCs at all stimulus intensities. Adding bicuculline did not significantly change the input-output relation in PCs (Fig. 4C) , indicating that inhibitory inputs do not strongly modulate the PC output at low-frequency orthodromic stimulation. In contrast, adding bicuculline caused the input-output relation in RGCs to become significantly steeper, so that more action potentials were evoked for a given stimulus intensity. Thus, even at low frequencies of stimulation, conjointly activated inhibitory inputs curtail the excitatory synaptic response in RGCs.
Taken together, these data indicate that the stronger synaptic excitation of RGCs versus PCs is not attributable to weaker inhibitory inputs onto the RGCs. Rather, it reflects more efficacious synaptic excitation of RGCs versus PCs. The enhanced synaptic excitability of RGCs versus PCs is not attributable to differences in GABA A -ergic inhibition. Current-clamp recordings were made in a PC ( A) and an RGC ( B). Both cells were stimulated at 50 V. In standard saline, the PC generated a single spike (A, a), whereas the RGC fired a spike burst (B, a). After adding 10 M bicuculline to the salines, the discharge of the PC did not change, although the underlying EPSP was enhanced (A, b) . In contrast, the discharge of the RGC was enhanced from three to four spikes (B, b) . C, Graphs of the mean Ϯ SE number of spikes generated in PCs (n ϭ 5) versus stimulus intensity (input-output relations) in standard saline (triangles) and in bicuculline-containing saline (circles). D, Same as in C, but for RGCs (n ϭ 5). Note in C and D that adding bicuculline does not affect the inputoutput relation of the PCs but enhances the output of the RGCs.
Effects of glutamate receptor antagonists
To find whether a specific glutamate receptor is involved in the enhanced synaptic excitation of RGCs, we examined the effects of NMDA and non-NMDA receptor blockers on evoked synaptic responses in slices disinhibited with bicuculline. Application of the NMDA receptor antagonist APV (100 M) affected the PC response very little (Fig. 5A, compare a, b) , reducing the late EPSP component without affecting the early spike. The early spike response in RGCs also was not affected by APV. However, APV completely suppressed the burst response that followed the first evoked spike (Fig. 5B, compare a, b) . These data suggested that the delayed enhanced response in RGCs is mediated by NMDA receptors. Consistent with this notion, we found that application of the non-NMDA receptor antagonist CNQX (15 M) suppressed the early component of the evoked synaptic response in both PCs and RGCs, without interfering with the delayed burst response in RGCs (Fig. 5A,B, compare b, c) . The latter response in RGCs was abolished by adding APV (100 M) to the CNQX-containing saline (Fig. 5B, d) .
The results obtained in the six PCs and six RGCs subjected to the excitatory receptor antagonists in disinhibited slices are summarized in Figure 5 , C and D. The output of the PCs was not significantly affected by APV but was completely suppressed by CNQX (Fig. 5C ). This is consistent with the known predominant role of non-NMDA receptors in low-frequency synaptic activation of these neurons (Andreasen et al., 1989; Hestrin et al., 1990; Sah et al., 1990; Perouansky and Yaari, 1993) . In contrast, the output of the RGCs was significantly reduced by APV to values well below those obtained in slices with intact inhibition (Fig. 5D) . Thus, NMDA receptors contribute to synaptic recruitment of RGCs whether GABA A -ergic inhibition is operative or not.
After blocking non-NMDA receptors with CNQX, RGCs still fired a graded spike response to increasing afferent stimulation intensity (Fig. 5D) . Although stronger stimuli were required to trigger spikes, the maximal number of spikes was not significantly different from that in control. The output of the RGCs was suppressed completely by additionally blocking NMDA receptors with APV (Fig. 5D) . In marked contrast, NMDA receptormediated EPSPs (isolated by adding CNQX to the saline) in PCs were small and always subthreshold for spike initiation (Fig. 5C ).
EPSCs in RGCs
To characterize in more detail the distinguishing properties of excitatory synaptic inputs to RGCs, we recorded under voltage clamp the EPSCs in 23 RGCs and 23 PCs in 38 different slices. In all these experiments, 10 M bicuculline was added to the salines to block GABA A -ergic synaptic currents.
Representative recordings of EPSCs in the two types of neurons are shown in Figure 6 . The stimulating electrode was positioned in the stratum radiatum, and the recordings at a holding potential of Ϫ60 mV were obtained from a PC (Fig. 6 A) and from a nearby RGC (Fig. 6 B) . The position of the stimulating electrode was not changed, and the distance of the two cells from the electrode was identical (Dingledine et al., 1987) . Nonetheless, stimulating the same afferent fibers evoked much larger EPSCs in RGCs than in PCs at all stimulus intensities (Fig. 6 A, B) . Similar results were obtained in all pairs of PCs and RGCs (n ϭ 8), even though the order of recording from the two cell types alternated. Thus, at maximal stimulus intensity (50 V) the EPSC amplitude ranged between 1 and 8 nA in RGCs and between 0.2 and 2.7 nA in PCs. As summarized in Figure 6C , the mean EPSC amplitudes were significantly larger in RGCs than in PCs at each stimulus In control conditions, the PC generated a single spike (A, a) , whereas the RGC fired a spike burst (B, a). Adding 100 M APV to the salines did not affect the discharge of the PC, although it reduced its underlying EPSP (A, b) . In the RGC, APV suppressed the burst discharge without affecting the early spike (B, b) . Adding 15 M CNQX to the salines (after washing out APV; data not shown) suppressed the discharge of the PC (A, c) and the early spike in the response of the RGC (B, c). The RGC was completely silenced by adding APV to the CNQX-containing saline (B, d). C, Graphs of the mean Ϯ SE number of spikes (input-output relations) generated in PCs (n ϭ 5) versus stimulus intensity in bicuculline-containing saline (circles), after adding APV (inverted triangles) and after washing out APV and adding CNQX (squares). The dotted line represents the input-output relation of these neurons in standard saline. D, Same as in C, but for RGCs (n ϭ 5). Shown in addition is the input-output relation in saline containing both CNQX and APV (diamonds). Error bars are one-sided for clarity. Note in C and D that adding APV did not affect the inputoutput relation of the PCs but reduced the output of the RGCs even below the values obtained in standard saline (dotted line). Adding CNQX completely suppressed the output of the PCs and shifted the input-output relation in the RGCs to the right. intensity (Ϫ3.4 Ϯ 1.1 vs Ϫ1.14 Ϯ 0.33 nA, respectively, at 50 V). These data suggest that Schaffer collaterals and commissural fibers more strongly excite RGCs than PCs. This can be attributable to differences in the density and location of excitatory synaptic inputs and/or in the properties of individual synapses.
Pharmacological isolation of two EPSC components
The experiments described above have shown that both non-NMDA and NMDA receptors play a role in synaptic excitation of RGCs. We used APV and CNQX to pharmacologically isolate, respectively, the non-NMDA and NMDA EPSC components. Figure 7 shows characteristic EPSCs recorded at Ϫ60 mV from a PC (Fig. 7A ) and an RGC (Fig. 7B) . Adding APV (100 M) inhibited the peak of the compound EPSC in the PC and the RGC by 8.5 and 35%, respectively (Fig. 7 A, B, compare a, b) . Thus, NMDA receptors contribute appreciably to the generation of the early EPSC component in the RGC but only little in the PC. In both cells the late EPSC component was completely suppressed by APV (Fig. 7 A, B, compare a, b) , indicating that in both cases it is generated solely by NMDA receptors. Consistent with these observations, adding CNQX (15 M) to the salines (after washing out APV; results not shown) isolated a large NMDA EPSC component in the RGC (Fig. 7B, c) but only a small such component in the PC (Fig. 7A, c) . In both cases, exchanging to nominally Mg 2ϩ -free saline greatly enhanced the NMDA EPSC (Fig. 7 A, B, compare c, d ), but this effect was much more pronounced in the PC (a 10-fold increase) than in the RGC (a 2-fold increase).
Similar observations were made in 11 PCs (9.3 Ϯ 1.2-fold increase) and 12 RGCs (3.5 Ϯ 0.6-fold increase), suggesting that synaptic NMDA receptors in RGCs are significantly less sensitive to blockade by Mg 2ϩ than in PCs ( p ϭ 0.002).
Current-voltage relation of non-NMDA EPSCs
Typical pharmacologically isolated non-NMDA EPSCs evoked at different holding potentials in a PC and in an RGC are illustrated in Figure 8 . In both the PC (Fig. 8 A, a, b ) and the RGC (Fig. 8 B, a, b) , the non-NMDA EPSCs reversed at ϳ0 mV and had a nearly linear I-V relation. The I-V relations from six PCs and nine RGCs were normalized to their maximal inward current and averaged for comparison (Fig. 8C) . No significant differences were found between the I-V relations in the two cell types.
Current-voltage relation of NMDA EPSCs
Typical pharmacologically isolated NMDA EPSCs evoked at different holding potentials in a PC and in an RGC are illustrated in Figure 9 . In both the PC (Fig. 9A, a, b ) and the RGC (Fig. 9B , a, b), the NMDA EPSCs reversed at ϳ4 mV and exhibited a region of negative slope conductance in the I-V relation at negative holding potentials. However, this region started at a membrane potential 20 mV more negative in the RGC (Ϫ48 mV) than in the PC (Ϫ28 mV). In Figure 9C , the averaged normalized I-V relations of NMDA EPSCs in 8 PCs and 11 RGCs were superimposed for comparison. In both cases the EPSCs reversed at the same membrane potential (1.7 mV in PCs and 2.3 mV in RGCs), but the region of negative slope conductance in the I-V relation started 12 mV more negative in the RGCs (Ϫ39 mV) than in the PCs (Ϫ27 mV). Consequently, NMDA EPSCs evoked at a voltage approximating resting membrane potential (Ϫ60 mV) were less inhibited in RGCs (35 Ϯ 3% of maximal current) than in PCs (55 Ϯ 7% of maximal current). To quantify these differences more accurately, the apparent K d of Mg 2ϩ from NMDA receptors in PCs and RGCs was deduced from functions 2 and 3 (see Materials and Methods). We found that the affinity of NMDA receptors for Mg 2ϩ at resting membrane potential (approximately Ϫ60 mV) was significantly higher in PCs than in RGCs (K d(-60 mV) , 0.15 Ϯ 0.05 vs. 0.42 Ϯ 0.07 mM, respectively). The results in the PCs are almost identical to those we found in a previous study of adult CA1 PCs, where the K d was calculated directly from dose-response relations of NMDA receptor-mediated current blockade by several different Mg 2ϩ concentrations (K d(-60 mV) , 0.13 Ϯ 0.03 mM; Kirson et al., 1999) . To estimate the fraction of the electrical field felt by the blocking Mg 2ϩ ions (␦), we also fitted the I-V relations with the Woodhull equation (Eq. 4; see Materials and Methods). We found that in RGCs, the Mg 2ϩ block of NMDA receptors is less voltagedependent than in PCs (␦ ϭ 0.80 vs 0.95, respectively). The ␦ value obtained for PCs is very similar to that which we reported previously for adult CA1 PCs (␦ ϭ 0.99; Kirson et al., 1999) .
Kinetics of isolated NMDA EPSCs
In central neurons, NMDA EPSCs have a relatively long time course (up to several seconds), but their precise kinetics may vary among different cell types even in the same structure (Keller et al., 1991; Perouansky and Yaari, 1993; Spruston et al., 1995) . In light of this heterogeneity, we compared the time course of NMDA EPSCs in PCs versus RGCs. Representative NMDA EPSCs evoked at Ϫ60 mV in Mg 2ϩ -free saline in a PC and an RGC are shown, respectively, in Figure 10 , A and B. They are superimposed after scaling in Figure 10 , C and D. It can be seen in these examples that the EPSC rise time was faster in the RGC than in the PC (9.6 vs 12 msec, respectively; Fig. 10C ). As previously shown in CA1 PCs (Perouansky and Yaari, 1993; Kirson and Yaari, 1996) , the EPSC decay in both cell types was described accurately by the sum of two exponential functions (see Materials and Methods). The EPSC decay was much slower in the RGC than in the PC, even though the overall duration of the EPSCs was the same in both cells (ϳ2.8 sec; Fig. 10 D) . Analysis of the NMDA EPSC decay waveform indicated that the relative contribution of A f compared with A s was much smaller in the RGC (A f /A s ϭ 2.25) than in the PC (A f /A s ϭ 6.2), but the decay time constants were similar in both cells.
Results obtained in similar conditions from 10 RGCs and 10 PCs are shown after averaging in Figure 10 E-G. The rise times of NMDA EPSCs were significantly faster in RGCs than in PCs (9.6 Ϯ 0.7 msec in RGCs vs 11.7 Ϯ 0.6 msec in PCs; Fig. 10 E) . The NMDA EPSC decays were much slower in RGCs than in PCs. This was attributable to a significantly smaller contribution of A f compared with A s to the EPSC decay (A f /A s ϭ 2.5 Ϯ 0.3 in RGCs vs 4.5 Ϯ 0.7 in PCs; Fig. 10 F) . No significant differences were found in either fast ( f ) or slow ( s ) decay time constants between RGCs and PCs ( f ϭ 124 Ϯ 39 msec in RGCs vs 96 Ϯ 18 msec in PCs; s ϭ 852 Ϯ 67 msec in RGCs vs 878 Ϯ 76 msec in PCs; Fig. 10G ).
Evaluation of space-clamp errors
Even though we stimulated afferent fibers near (ϳ200 m) the soma of the cells recorded from, it is possible that the complex dendritic geometry of PCs and RGCs will impose imperfect space-clamp conditions, thereby distorting the waveform of the NMDA EPSCs. We have previously shown that NMDA EPSCs in adult PCs are not subjected to such distortion Kirson and Yaari, 1996) . We used the same procedures to assess voltage-clamp errors in the kinetics of NMDA EPSCs in RGCs. First, we looked at whether holding the neuron at the NMDA EPSC reversal potential would affect its subsequent de- mV. The intensities of the orthodromic stimuli were 15 and 10 V for the PC and RGC, respectively. Note the difference in the current calibration bars. Despite the stronger stimulation of the PC, the compound EPSC evoked in this neuron (A, a) was much smaller than that evoked in the RGC (B, a) . Adding 100 M APV to the saline reversibly reduced the peak of the EPSC in the PC (A, b) and in the RGC (B, b) by 8.5 and 35%, respectively. It also completely suppressed the late EPSC component in both cells (A, B, b) . Adding 15 M CNQX to the saline exposed a larger NMDA EPSC component in the RGC (B, c) than in the PC (A, c) . Deleting the Mg 2ϩ from the CNQX-containing saline caused an increase in the size of the NMDA EPSC component, which was more pronounced in the PC (10-fold; A, d) than in the RGC (2-fold; B, d).
cay. The experimental paradigm and representative results are illustrated in Figure 11 . Synaptic stimulation was delivered while membrane potential was held at the NMDA EPSC reversal potential (ϳ0 mV), so that no net current was flowing through the synaptic conductance. In sequential repetitions of this paradigm, the membrane potential was stepped to Ϫ60 mV at increasing intervals (200, 400, 600, 800, and 1000 msec) after stimulation. Responses to the same voltage commands without synaptic stimulation were subtracted from the NMDA EPSC recordings. The decays of the residual NMDA EPSCs appearing at Ϫ60 mV reflect the deactivation time course of the synaptic conductance (Pearce, 1993) . These decays matched exactly the decay of the NMDA EPSC evoked at Ϫ60 mV (Fig. 11) , indicating that the latter is not distorted by dendritic filtering. Similar results were obtained in five RGCs.
Second, we tested for correlations in RGCs between NMDA EPSC rise times and decay time constants (r 2 ϭ 0.16 and 0.17 for f and s , respectively; Pearson linear correlation) and between NMDA EPSC amplitudes and decay time constants (r 2 ϭ 0.09 and 0.06 for f and s , respectively; Pearson linear correlation). If the NMDA EPSC decay kinetics were affected by dendritic filtering, then significant positive correlations between these variables would be expected (Spruston et al., 1993) . However, no such correlations were found. Taken together, these data do not indicate a significant distortion of NMDA EPSC waveform by voltage-clamp errors.
Finally, it could be argued that the lower Mg 2ϩ sensitivity of synaptic NMDA receptors in RGCs compared with PCs is the result of compromised voltage-clamp conditions. An important factor determining the effectiveness of voltage-clamp conditions is the electrotonic distance of the synapses from the recording site. Less efficient voltage clamp in RGCs, as a result of recording from more electrotonically distant synapses compared with PCs, would be expected to slow the kinetics of fast synaptic events. However, we found that the rise times of non-NMDA EPSC were significantly faster in RGCs than in PCs (2.5 Ϯ 0.2 vs 3.3 Ϯ 0.15 msec, respectively). Therefore, we conclude that the differential Mg 2ϩ sensitivity of synaptic NMDA receptors in RGCs compared with PCs reflects unique properties of the NMDA receptors themselves. 
DISCUSSION
In the present study we have characterized synaptic excitation in a newly described type of hippocampal projection neuron, the RGC. We found that although RGCs are similar to PCs in their intrinsic features, their recruitment by synaptic stimulation differs significantly. Whereas afferent fiber stimulation evokes maximally one action potential in PCs, the same stimulation readily evokes a spike burst in RGCs. Furthermore, the burst response persists after blockade of non-NMDA receptors but is sensitive to blocking NMDA receptors, indicating an enhanced NMDA EPSC component in these neurons. Our data suggest that this is attributable to unique properties of synaptic NMDA receptors in RGCs.
Intrinsic versus synaptic factors
We found that whereas PCs fire only a single spike in response to synaptic activation, RGCs can fire a burst of several action potentials. The enhanced responses in RGCs could be due to intrinsic factors, i.e., RGCs may be triggered by normal EPSPs to fire bursts of action potentials because of the activation of slow voltage-gated inward currents. Conversely, RGCs may be less inhibited synaptically or may possess more efficient excitatory synapses. In agreement with previous studies (Maccaferri and McBain, 1996; Gulyas et al., 1998) , we found that both RGCs and PCs are regular firing cells in standard saline and do not differ with respect to other passive or active membrane properties. Therefore, the enhanced synaptic excitation of RGCs is not attributable to an inherent propensity to fire bursts of action potentials.
The enhanced synaptic excitation of RGCs versus PCs is not the result of less efficient feedforward and/or feedback inhibition of the former neurons, because the differences in excitability between the two cell types persisted, and even were augmented, after disinhibition with bicuculline. Taken together, these data suggest that RGCs have more efficient excitatory synapses than PCs.
Synaptic excitation of RGCs
Even when activated by the same population of afferent fibers, the amplitude of the compound EPSCs was at least threefold greater in RGCs than in PCs at all stimulus intensities. This difference could be attributable to an interplay of several factors. First, the Schaffer collateral and commissural fibers may form more excitatory synaptic contacts with RGCs than with PCs. Second, the excitatory synapses may be electrotonically closer to the soma in RGCs than in PCs. Third, the properties of individual synapses may differ between the cell types. Our study bears on only one aspect of the latter factor, namely, the contribution of synaptic NMDA receptors to the enhanced excitation of RGCs.
As shown previously (Koerner and Cotman, 1982; Collingridge et al., 1983; Neuman et al., 1988; Andreasen et al., 1989) , we found that synaptic excitation of CA1 PCs is predominantly a non-NMDA receptor-dependent process and that NMDA receptors contribute minimally to low-frequency synaptic transmission in these cells (Collingridge et al., 1983; Hestrin et al., 1990; Sah et al., 1990; Keller et al., 1991; Perouansky and Yaari, 1993) . In contrast, we found that NMDA receptors markedly enhance the responses of RGCs to the stimulation of excitatory afferents, leading to a burst of several spikes after the primary action potential. The activation of synaptic NMDA receptors did not require postsynaptic depolarization by coactivated non-NMDA receptors, as is the case of CA1 PCs (Herron et al., 1986) . Rather large EPSPs could be evoked in RGCs even after blockage of non-NMDA receptors, indicating that a substantial fraction of these receptors are not blocked at resting membrane potential.
Distinguishing properties of NMDA EPSCs in RGCs
The non-NMDA EPSCs recorded in RGCs were similar to those recorded in PCs. The reversal potential of these EPSCs and the linearity of their I-V relations were identical. Our data are similar to results obtained in previous studies of non-NMDA EPSCs in hippocampal PCs and granule cells Keller et al., 1991) . We made no attempt to compare the kinetics of isolated non-NMDA EPSCs, because of the known limitations of somatic whole-cell patch-clamp recording of fast events initiated in complex dendritic structures (Spruston et al., 1994) .
The NMDA EPSCs recorded in RGCs differed substantially from those recorded in PCs. As described previously for other cell types (Mayer et al., 1984; Nowak et al., 1984; Ascher and Nowak, 1988) , NMDA receptors in RGCs were blocked by Mg 2ϩ at resting membrane potential. However, the magnitude of blockage was much smaller than in the PCs. This was apparent in the I-V relations of NMDA EPSCs in RGCs, which exhibited an area of negative slope conductance that was shifted by 12 mV to more hyperpolarized potentials compared with that in PCs. This is attributable to the lower affinity for Mg 2ϩ (higher K d ) of NMDA receptors at resting membrane potential in RGCs than in PCs. Consequently, even in normal extracellular Mg 2ϩ concentration, a substantial NMDA receptor-mediated EPSP component was present at resting membrane potential in the RGCs.
We also found that NMDA EPSCs in RGCs have faster rise times and slower decay kinetics than in PCs. The faster rise times may be attributable to differences in the gating properties of individual NMDA receptors. Conversely, they may be a reflection of synapses located electrotonically closer to the soma in RGCs Figure 11 . Evaluation of the efficacy of space clamping and the true decay of the synaptic conductance of NMDA EPSCs in RGCs. The bottom traces describe the waveform of the voltage steps. Each trial began by holding the cell membrane potential at 0 mV (the approximate NMDA EPSC reversal potential) for several seconds (to allow for inactivation of voltage-activated currents), after which the EPSC was evoked at the time indicated by the arrow. In six consecutive trials, the membrane potential was maintained at 0 mV for increasingly longer durations after stimulation (0, 200, 400, 600, 800, and 1000 msec) and then was stepped to Ϫ60 mV. Similar trials were repeated also without synaptic stimulation. The top traces depict the EPSCs evoked in each trial after subtraction of the corresponding responses obtained without synaptic stimulation. No synaptic current was seen at 0 mV. Stepping back to Ϫ60 mV induced a current that decayed along a similar time course in all trials. This indicates that the EPSC decay is attributable solely to decay of the synaptic conductance. than in PCs. In either case, the faster rise times would allow NMDA receptors to participate more effectively in the initial phase of the EPSP.
Analysis of the biexponential decay kinetics of NMDA EPSCs in PCs and RGCs indicated no differences in the time constants of decay ( f and s ) between the two cell types. Rather, the slower decay in RGCs was the result of a relatively larger slow component (A s ) of decay. The slower decay kinetics of NMDA receptors in RGCs, by causing a greater charge transfer through the receptor channels, would contribute to the sustained synaptic activation of these neurons. It also would lead to an increased calcium signal in these neurons, which may be important for their ability to express LTP (Maccaferri and McBain, 1996) .
Implications for subunit composition of NMDA receptors in RGCs
Native NMDA receptors are believed to be multimeric proteins assembled from several subunits. In the rat, these include the NR1, NR2A-D, and NR3A subunits (for review, see Mori and Mishina, 1995) . It is thought that some of the properties of these receptors are determined by the type of NR2 subunit incorporated. Indeed, recombinant heterodimeric NMDA receptors containing the NR2A or NR2B subunits are more strongly blocked by Mg 2ϩ than those containing the NR2C or NR2D subunits (Monyer et al., 1994; Kuner and Schoepfer, 1996) . Also, recombinant receptors containing the NR2A subunit have the fastest offset kinetics (ϳ100 msec), those containing the NR2B or NR2C subunits have intermediate offset kinetics (ϳ400 msec), and those containing the NR2D subunit have the slowest offset kinetics (seconds; Monyer et al., 1992 Monyer et al., , 1994 Wyllie et al., 1998) . Accordingly, it has been argued that developmental changes in the Mg 2ϩ sensitivity and time course of NMDA EPSCs in central neurons may involve down-regulation of the NR2B and NR2D subunits and concurrent up-regulation of the NR2A subunit (Kirson and Yaari, 1996; Takahashi et al., 1996; Flint et al., 1997; Kirson et al., 1999) .
The differences in the Mg 2ϩ sensitivity and time course of NMDA EPSCs between PCs and RGCs described here also may reflect differences in the subunit composition of the respective NMDA receptors. Several studies have shown that adult CA1 PCs express only the NR2A and NR2B subunits (Monyer et al., 1994; Kirson et al., 1999) , which would impart a high Mg 2ϩ sensitivity and relatively fast kinetics to their NMDA EPSCs. The lower Mg 2ϩ sensitivity and longer EPSC kinetics of NMDA receptors in RGCs suggest the contribution of other NR2 subunits to the synaptic NMDA receptors in these neurons. A likely candidate would be the NR2D subunit, given its low Mg 2ϩ sensitivity and slow offset kinetics (Monyer et al., 1994) .
Concluding remarks
Three factors were found to contribute to the enhanced synaptic excitability of RGCs versus PCs, namely, much larger EPSCs, decreased blockade of synaptic NMDA receptors by Mg 2ϩ , and prolonged decay of NMDA EPSCs. In adult mammalian central neurons, glutamatergic synaptic excitation mediated predominantly by NMDA receptors has been demonstrated previously in the cat spinal cord (Davies and Watkins, 1983) and visual cortex (Fox et al., 1989 (Fox et al., , 1990 and in the mouse barrel cortex (Fleidervish et al., 1998) . In the latter case this was attributed to functionally distinct NMDA receptors having a lower sensitivity to Mg 2ϩ blockage. However, RGCs are the first hippocampal neurons shown to manifest this exceptional form of synaptic recruitment.
The precise role of RGCs in the hippocampal network is yet unknown. Given their enhanced NMDA receptor-dependent synaptic excitability, they may serve to amplify specific output signals of the hippocampus. Because their axons ramify also locally (Gulyas et al., 1998) , RGCs may serve an important role in information processing within the hippocampus. However, identification of their extrahippocampal and intrahippocampal target cells, as well as their precise afferent innervation, would be required before assessing their exact functions in neuronal integration within the limbic system.
